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Abstract—Virtual inertia controllers (VICs) for wind turbine
generators (WTGs) have been recently developed to compensate
the reduction of inertia in power systems. However, VICs can
induce low frequency torsional oscillations of the drive train
of WTGs. This paper addresses this issue and develops a
new nonlinear VIC based on objective holographic feedbacks
theory. This approach allows transforming the original nonlinear
control into a completely controllable system of Brunovsky’s
type. Simulation results under various scenarios demonstrate
that the proposed method outperforms existing VICs in terms
of suppression of low frequency drive-train torsional oscillations,
enhancement of system frequency nadir as well as fast and
smooth recovery of WTG rotor speed to the original MPP point
before the disturbance. The proposed method is also able to
coordinate multiple WTGs.
Index Terms—Wind generation, frequency control, virtual
inertia control, torsional oscillations, power system stability.
I. INTRODUCTION
A. Motivation
A relevant challenge associated with the increasing penetra-
tion of wind generation is that wind turbine generators (WTGs)
do not contribute to the frequency support if no specific control
is designed for that [1], [2]. How to design such a control,
however, is not a trivial task. This paper focuses on Virtual
inertia control (VIC), which has been developed to emulate
the inertia from WTGs for frequency support during an event
[3]. Conventional VIC may induce low frequency drive-train
torsional oscillations of the wind turbine, thus resulting in
a reduction of the service life of WTGs, economic losses
and system security issues. Moreover, there are still unsolved
issues of preventing the excessive reduction of the WTG rotor
speed at the low wind speed as well as the smooth and fast
recovery of WTG rotor speed after the frequency support
service. This paper aims to develop a nonlinear VIC that can
enhance primary frequency response, damp out the WTG low
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frequency drive-train torsional oscillations and achieve fast and
smooth WTG rotor speed recovery.
B. Literature Review
In the literature, VICs of Type 1 and Type 2 WTGs are
developed to provide inertia response for frequency support
[4]. However, there is a lack of flexibility in capturing the
maximum wind energy of these two types of WTGs. Today,
the most widely used WTGs are Type 3, namely the doubly-fed
induction generator (DFIG), and Type 4, namely the fully rated
converter-based WTG. The VIC strategies for these converter-
iterfaced WTGs can be classified into two main categories:
power reserve-based VIC [5], [6] and maximum power point
(MPP) tracing-based VIC [7]–[12]. The power reserve-based
VIC suggests WTG operate at sub-optimal rotor speed via the
over speed deloading strategy and it can provide long term
frequency support by means of releasing the reserved power.
As a side effect, it causes financial loss for wind farm owners.
By contrast, the MPP tracing-based VIC releases the kinetic
energy stored in the WTG rotor to provide power support
during the early stage of frequency contingency.
The MPP tracing-based VIC has two kinds of control
strategies: the predetermined kinetic energy-based VIC [11],
[12] and frequency dependent VIC [7]–[10]. The former one
releases predetermined WTG rotor kinetic energy after contin-
gency, but this may lead to the secondary frequency dip while
restoring the WTG rotor speed. The frequency dependent VIC
increases the WTG output active power for frequency support
considering the frequency deviation and the rate of frequency
deviation. This control, which has constant parameters, may
cause the failure of WTG for frequency support under low
wind speed and is also subject to the secondary frequency dip.
The popular MPP tracing-based VIC is a frequency dependent
VIC with the capability of tuning the parameters [8], [13].
The VIC of DFIGs requires instant power increment for
frequency response [14]. It may lead to negligible benefit of
improving the frequency nadir and cause a low frequency
drive-train torsional oscillation of WTG. Since VIC is in fact
a function of the frequency deviation and the rate of frequency
deviation, the parameters in the function are suggested to
be tuned to achieve higher frequency nadir [15]. Again, the
rotor speed recovery of WTG after frequency support is still
subject to the secondary grid frequency dip and low frequency
drive-train torsional oscillation of WTG. To deal with that, a
time-varying droop characteristics of VIC is proposed for the
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smooth switch between the frequency support mode and rotor
speed recovery mode [16].
During the rotor speed acceleration duration, the frequency
support power of WTG required by VIC decreases not only
with time but also with rotor speed [17]. This VIC further
helps the rapid rotor speed recovery and has the ability of
avoiding secondary frequency dip. However, the low frequency
drive-train torsional oscillation of WTG at the initial moment
of frequency support has not been suppressed. Beside the
aforementioned issues, the automatic regulation of frequency
support power based on the available kinetic energy of WTG
does not fully consider the variations of wind speed and
operating rotor speeds. A properly coordinated distribution of
the frequency support power among multiple WTGs has not
been addressed in existing VICs.
C. Contributions
This paper develops a nonlinear VIC to deal with the afore-
mentioned challenges. Specific contributions are as follows.
• A nonlinear VIC formulation is derived based on the
objective holographic feedbacks theory (OHFT) [18]. The
proposed design improves frequency nadir and suppresses
low frequency drive-train torsional oscillation of WTG.
The key idea is to construct the completely controllable
Brunovsky system so that the control objectives can be
fully satisfied.
• Modified time-varying and rotor speed dependent func-
tions are developed to automatically regulate the fre-
quency support power of WTGs considering the vari-
ations of wind speed and operating rotor speeds. This
facilitates smooth and fast recovery of WTG rotor speed
to the original MPP point before the disturbance and
prevents the secondary frequency dip caused by the sharp
switch between frequency support mode and rotor speed
recovery mode.
• The proposed VIC delivers the solution of coordinating
the distribution of frequency support power among mul-
tiple WTGs, leading to the enhancement of frequency
nadir.
D. Organization
The remainder of this paper is organized as follows. Section
II introduces the OHFT and existing VIC control strategies
and their related issues. The proposed nonlinear VIC is also
presented in Section II. Extensive simulations are carried out
and analyzed in Section III. Section IV concludes the paper.
II. OHFT-BASED NONLINEAR VIC OF WTGS
This section outlines the OHFT, presents the proposed
nonlinear VIC control for single WTG, and finally, discusses
how to extend such a control to the scenario of multiple WTGs.
A. Objective Holographic Feedbacks Theory
A single-input-multiple-outputs nonlinear system can be
described by the follow equations:
dx
dt
= r(x) + s(x)u ,
y = h(x) ,
(1)
where x and y are the state and output vectors, respectively;
u is the control input, r(x), s(x) and h(x) are vectors of
nonlinear functions. If [y∗1 , y
∗
2 , ..., y
∗
m] are the target output
variables, define the following multiple-objective equations
Ii = yi − y∗i i = 1, 2, . . . ,m , (2)
where m is the number of output variables and Ii represents
the tracking error of yi. The following conditions have to be
satistied:
lim
t→0
|Ii| = 0 i = 1, 2, . . . ,m . (3)
To achieve (3), we need to find out the output variable with
the relative order of 1 to system (1), supposing to be ym, then
we have:
y˙m = Lrhm(x) + LsL
0
rhm(x)u , (4)
where L(·) is the Lie derivative operator [19]. To this end, the
Brunovsky system can be constructed based on (2) and (4) as
I˙ = AI +Bv , (5)
where
I =

I1
I2
...
Im
 , A =

0 1 0 · · · 0
0 0 1 · · · 0
...
...
...
...
0 0 0 · · · 1
0 0 0 · · · 0
 , B =

0
0
...
0
1
 .
From (4) and (5), v can be expressed as
v = Lrhm(x) + LsL
0
rhm(x)u− y˙∗m . (6)
Since the Brunovsky system (5) is a completely controllable
linear system, the linear control theory, such as linear quadratic
optimal control [20] can be applied to obtain v, yielding:
v =
m∑
k=1
−kiIi . (7)
Using (2), (6) and (7), the control strategy of the nonlinear
system (1) can be derived as
u =
−∑mi=1 ki(yi − y∗i )− Lrhm(x) + y˙∗m
LsL0rhm(x)
. (8)
The interested readers can find more details on the effective-
ness of OHFT in [18].
B. System Description
In this section, the WTG model, the power grid primary
frequency regulation model, the conventional VIC scheme and
its impacts on driven-train torsional oscillation of WTG are
presented and analyzed.
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1) Drive-train of WTG: The two-mass drive-train model of
WTG can be expressed as [21]
2Ht
dωt
dt
= Tm −Kshθsh −Dsh(ωt − ωg) ,
2Hg
dωg
dt
= Kshθsh +Dsh(ωt − ωg)− Te ,
dθsh
dt
= ωB(ωt − ωg) ,
(9)
where Ht and Hg are the inertia constants of the wind turbine
and generator in seconds, respectively; ωt and ωg denote
the speeds of wind turbine and generator rotor in radians/s,
respectively. Ksh and Dsh represent the stiffness coefficient
and the damping coefficient of the shaft, respectively. Pm, Pe
and θsh are the mechanical power, the total output active power
of DFIG and the torsional angle between the wind turbine and
generator rotor, respectively.
According to the law of aerodynamics, the mechanical
power extracted by the WTG can be calculated by [22]:
Pm =
piρR2V 3wCp(λ, β)
2PB
,
λ =
RωtωB
Vw
,
Cp(λ, β) = 0.5176(
116
λi
− 0.4β − 5)e−21λi + 0.0068λ ,
1
λi
=
1
λ+ 0.08β
− 0.035
β3 + 1
,
(10)
where ρ, Vw, Pm, λ, R, Cp(λ, β) and PB are the air density,
wind speed, mechanical power, tip-speed ratio, rotor radius,
power coefficient and WTG rated power, respectively.
2) Modeling of WTG active power control loop: According
to [23], the control loop of WTG active power can be modeled
as a low pass transfer function, i.e.,
dPe
dt
= aP (Pref − Pe) , (11)
where aP is the bandwith of WTG stator active power control
loop; Pref represents the reference electromagnetic power of
WTG, which is determined by the MPP tracing strategy [24]
given by
Pref = PMPP = koptω
3
g , (12)
where kopt is the MPP tracing coefficient.
3) Conventional VIC of WTG: The conventional VIC for
WTG is developed to support the power grid frequency and
it determines the reference electromagnetic power increment
delivered from WTG to the grid, Pvir. Formally, we have
Pvir = −kPvir∆ω − kDvir
d∆ω
dt
, (13)
where ∆ω = ω − ωs; ω and ωs denote the angular velocity
of power grid and the synchronous angular velocity; kPvir
and kDvir are the positive coefficients of the proportional
and differential elements, respectively. As a result, the actual
reference electromagnetic power of WTG equals to:
Pref = PMPP + Pvir . (14)
Fig. 1. Block diagram of power grid primary frequency regulation.
4) Equivalent model of the grid: For the purposes of our
analysis, which is focused on the WTG dynamic, the grid
can be modeled for simplicity but without loss of generality
as an equivalent synchronous generator plus a load [25]. The
primary frequency regulation of the power grid is described by
the block diagram shown in Fig. 1, where M is the equivalent
inertia constant of the grid; D is the frequency coefficient of
load that is expressed as percent change in load divided by
percent change in frequency; ∆PL denotes the load variation
in the power grid; ∆Pg is the increment of synchronous
generator output power; R is the equivalent droop coefficient
and the governor of the equivalent synchronous generator is
treated as an inertia element with time constant Tg . Therefore,
we have:
d∆Pg
dt
= − 1
RTg
∆ω − 1
Tg
∆Pg . (15)
As the fluctuation of power grid frequency is small, the
corresponding electromagnetic torque approximately equals to
the electromagnetic power. Then, the dynamic equation of the
synchronous generator rotor is approximated as:
M
d∆ω
dt
= ∆Ptot −D∆ω , (16)
where ∆Ptot = ∆Pg +Pe−Pe0−∆PL and Pe0 is the initial
output active power of WTG.
5) Low frequency drive-train torsional oscillations caused
by the VIC: The transfer function from the electromagnetic
torque increment of WTG, ∆Te, to the torsional angle varia-
tion, ∆θsh, can be derived from (9). At the initial moment of
frequency event, ∆Te = Pvirωg0 holds, yielding:
∆θsh =
ωBHt
2(HtHg)s2 + aHtgs+ bHtg
Pvir
ωg0
, (17)
where Htg = Ht + Hg; a = DshωB ; b = KshωB and
ωg0 denotes the initial WTG rotor speed of MPP before
VIC is activated. From (17), we observe that the reference
electromagnetic power increment requested by VIC may result
in the low frequency oscillation if no damping control is
provided. This is because there exists a torsional mode with
the natural low frequency shown in (18) and the damping
coefficient Dsh is usually small [23].
ωn =
√
ωBKshHtg
2HtHg
. (18)
The complete system block diagram is reported by Fig. 2,
where u is the control input. The power grid and WTG are in
pu by their own rated power, i.e., PGridrate and PWTGrate,
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Fig. 2. Block diagram of the whole system.
respectively. In this paper, the nominal values of angular
velocity with respect to power grid and WTG rotor are 120pi
rad/s and 120pi/p rad/s, respectively, where p represents the
number of WTG pole-pairs.
C. Proposed VIC With Single WTG
The state-space description of the whole system can be
expressed in the form of (1), where the state variables are
[ωt, ωg, θsh, Pe,∆Pg, ω]. This paper aims at designing a non-
linear VIC of WTG, which (i) suppresses low frequency
drive-train torsional oscillations of WTG; (ii) prevents large
frequency excursions; and (iii) facilitates the smooth and fast
recovery of the kinetic energy of the WTG.
For the former two objectives, based on the aforementioned
OHFT, we first choose ωtg and ∆ω as the output variables
and derive the following Brunovsky system:[
ω˙tg
∆ω˙
]
=
[
0 1
0 0
] [
ωtg
∆ω
]
+
[
0
1
]
v , (19)
where ωtg = ωt − ωg . Note that ∆ω is the output with
relative order of 1 to the studied system depicted by Fig. 2.
By substituting u into (16) yields
M
d∆ω
dt
= ∆Ptot −D∆ω + u . (20)
The change rate of the WTG torsional angle dθsh/dt and
the power grid angular frequency ω are required to be close
to 0 and 1 pu as possible, respectively. These objectives can
be achieved by the linear quadratic optimal control, whose
performance indicator about system (19) is constituted as
follows:
J =
∫ ∞
0
ITQI + αv2dt , (21)
where Q is a symmetric positive definite matrix; coefficient α
is a positive real number and I = [ωtg,∆ω]T . According to
the control strategy (8) designed by means of OHFT, we have
the nonlinear state feedback control strategy of the targeted
system (19) as follows:
u = −Mk1ωtg − (Mk2 −D)∆ω −∆Ptot . (22)
(a) (b)
Fig. 3. (a) Function of rotor speed f(ωg); (b) Function of time g(t).
By converting u to a quantity of the conventional VIC
output interface into u′, we have
u′ = u+
1
aP
du
dt
. (23)
Combining (23) with the conventional VIC expressed by
(13), a nonlinear VIC can be obtained as:
P ′vir = Pvir + u
′ . (24)
To further satisfy the reference electromagnetic power in-
crement required by VIC, P ′vir can be adjusted following the
WTG rotor speed ωg . In other words, VIC requires more power
increment at the high rotor speed when there is enough kinetic
energy that can be released, and vice versa. Thus, we multiply
the result of VIC in (24) by a function of rotor speed, f(ωg),
yielding:
P ′′vir = P
′
vir f(ωg) , (25)
where f(ωg) is shown in Fig. 3(a).
To achieve the last goal, namely facilitating smooth and fast
recovery of the kinetic energy of WTGs, a function of time
g(t) shown in Fig. 3(b) is multiplied by (25). A positive g(t)
promotes WTG to provide active power support for power
grid while a negative g(t) is effective in the recovery of WTG
rotor speed. Note that function g(t) also allows the power
for frequency support to vary in a smooth manner. This is
beneficial to suppress the torsional oscillation of WTG drive
train caused by the instantaneous variation of reference power,
avoiding the secondary frequency dip.
Finally, the proposed VIC can be given by
P ′′′vir = P
′′
vir g(t) = P
′
vir f(ωg) g(t) . (26)
D. Extension to Multiple WTGs
The proposed nonlinear VIC controller is now extended to
multiple WTGs as shown in Fig. 4. For multiple WTGs, the
Brunovsky system can be constructed as
ω˙tg,1
ω˙tg,2
...
ω˙tg,N
∆ω˙
 =

0 1 0 · · · 0
0 0 1 · · · 0
...
...
...
...
0 0 0 · · · 1
0 0 0 · · · 0


ωtg,1
ωtg,2
...
ωtg,N
∆ω
+

0
0
...
0
1
 v , (27)
where the subscript i denotes the quantities with respect to the
ith WTG and N is the number of WTGs.
Similar to the design procedure of single-WTG VIC, the
signal P ′′′vir,tot is obtained as:
P ′′′vir,tot =
N∑
i=1
P ′vir · pfi · f(ωg,i) · g(t) , (28)
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Fig. 4. The block diagram of the proposed nonlinear VIC.
where pfi, i = 1, 2, . . . , N represents the participating factor
of the ith WTG; the control input u in P ′vir equals to
−∑Ni=1Mkiωtg,i − (M kN+1 −D)∆ω −∆Ptot; for multi-
ple WTGs, Pe =
∑N
i=1 Pe,i and Pe0 =
∑N
i=1 Pe0,i, where
Pe0,i and Pe,i denote the initial and real-time output active
power of the ith WTG, respectively; note that all power
should be converted into quantities in pu by nominal power of
the power grid; k1, k2, . . . , kN+1 represent the state feedback
coefficients when applying linear quadratic optimal control for
the system (27) to obtain control quantity v. The participating
factor of the ith WTG, pfi, determines the power support from
each WTG and it is correlated with the WTG initial operation
point. Formally, we have
pfi =
Pe0,i∑k
i=1 Pe0,i
i = 1, 2, . . . , N , (29)
where the initial active power output of the ith WTG, Pe0,i,
can be calculated based on the power flow solution at the
moment of contingency.
The block diagram of the proposed nonlinear VIC is dis-
played in Fig. 4. Similar to the proposed VIC for single
WTG, the VIC provided by (28) also has several advantages,
including 1) effectively suppressing the low frequency drive-
train torsional oscillation of each WTG, 2) improving the
power grid frequency nadir through the coordination of all
WTGs, 3) achieving smooth and fast recovery of each WTG
rotor speed to the corresponding original MPP point before
the disturbance and preventing the secondary frequency dip.
These benefits will be demonstrated in the simulation results
section.
III. SIMULATION RESULTS
In this section, simulations are carried out to demon-
strate the advantages of the proposed VIC. The conventional
constant-coefficient VIC presented in (13) and the VIC-I
defined by:
P ′′′′vir = Pvir g(t) (30)
are used for comparisons. Note that the VIC-I is different
from that in [16] with time-varying droop coefficient, i.e., the
TABLE I
PARAMETER SETTINGS OF THE TEST SYSTEM
Equivalent power grid
M 4.584 s D 1
Tg 1.2 s R 0.03
∆PL 0.2 pu ωB 377 rad/s
PGridrate 3 MW
WTG
PWTGrate 1.5 MW ωB 377/3 rad/s
Hg 0.685 s Ht 4.32 s
Dsh 1.5 Ksh 1.1 pu/rad
kopt 0.4425 ωming 0.71 pu
aP 31.4 rad/s p 3
Conventional VIC
kPvir 7 kDvir 2
Function g(t)
t1 25 s t2 52 s
t3 79 s
Fig. 5. The MPP tracing curve of WTG.
proportional coefficient. Here, both the proportional and differ-
ential coefficients are time-varying in VIC-I. The parameters
of equivalent power grid, WTG, conventional VIC and g(t) are
reported in Table I; the nominal power grid frequency is 60
Hz. It is worth pointing that the active power output increment
of WTG, ∆Pe, is the sum of reference electromagnetic power
increment according to the MPP tracing strategy shown in
(12) and the extra active power required by the VIC, i.e.,
∆Pe = ∆PMPP + Pvir. The MPP tracing curve of WTG is
presented by Fig. 5 and this paper concentrates on the MPP
tracing area.
Following [26], the equivalent grid model described in Sec-
tion II is adopted in simulations. The conventional VICbased
system, i.e., the open loop system shown in Fig. 2, the
modified VIC-I based system according to (30) and the pro-
posed VIC-based system shown in Fig. 4 are implemented
in Matlab/Simulink. Section III-A is used to demonstrate the
advantages of proposed VIC with single WTG and its perfor-
mance under different wind speed scenarios is investigated
in Section III-B. Results on multiple WTGs are shown in
Section III-C. For all simulations, a load contingency with
0.2 pu power increment occurs at 20 s in the power grid and
the conventional VIC maintains for a preset period of 20 s.
A. VIC for Single WTG
The wind speed is assumed to be 10.8 m/s and the state
feedback coefficients of the linear quadratic optimal control
for the system (19) are k1=2.6458 and k2=2.5083. Fig. 6
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Fig. 6. Frequency response with different VICs.
Fig. 7. Rotor speed responses of WTG with different VICs.
presents the frequency responses with different VICs and the
rotor speed response of WTG is shown in Fig. 7. Fig. 8
reports the active power output increment of WTG. Note
that the wind power penetration rate equals to 33.3% =
(PWTGrate/(PGridrate + PWTGrate)).
According to the results, we can find that the frequency
nadir obtained by the proposed VIC is much higher than the
conventional VIC and improved VIC-I, see Fig. 6. This is very
important as the system frequency needs support for the first
few seconds in the presence of contingency, especially for a
system with high penetration of renewable energy and being
vulnerable to large frequency decline. The reason is that the
proposed VIC allows the WTG to reduce rotor speed as much
as possible with a much higher speed than others, see Fig. 7.
This leads to much more active power increment from WTG,
see Fig. 8. It is interesting to observe from Fig. 6 that the
power grid encountered a secondary frequency dip at 40s if
the conventional VIC is used. This leads to a sudden reduction
in the active power output of WTG, see the negative value of
∆Pe in Fig. 8. By contrast, this is not an issue for the proposed
VIC and the modified VIC-I as they can ensure the smooth
exchange of power between WTG and power grid. As a result,
Fig. 8. Active power output increments of WTG with different VICs.
the recovery of corresponding rotor speeds to MPP is smooth.
Fig. 7 shows that both conventional VIC and modified VIC-
I are subject to low frequency drive-train torsional oscillation
with period 0.69s (the oscillation frequency is 1.45Hz). How-
ever, the proposed VIC can effective suppress that. Note that
the torsional oscillation is a result from the sudden variation
of WTG active power output as analyzed in (17) and (18). By
observing the slopes of rotor speed responses in Fig. 7, it can
be concluded that the proposed VIC has higher recovery rate
of WTG rotor kinetic energy than other two methods (note
that the proposed method is the fastest one to recover rotor
speed to the original MPP point before the disturbance and
this would become more obvious in the results shown later).
This is because after the main frequency support at about 32s,
the proposed VIC prompts WTG to absorb power from grid
at an earlier time in contrast to the conventional VIC.
The comparison of the results above shows that the proposed
VIC is effective in preventing large frequency excursions,
maintaining smooth and fast recovery of the kinetic energy
of WTG, and achieving the capability of suppressing WTG
low frequency drive-train torsional oscillation.
B. VIC for Single WTG with Different Wind Speeds
The proposed VIC is also tested under different wind speeds
to demonstrate its robustness to various operating conditions.
The following values for the wind speeds are tested: 7.5 m/s,
9.6 m/s and 11.5 m/s. The frequency responses, WTG rotor
speed responses and active power output increment of WTG
are displayed in Fig. 9, Fig. 10 and Fig. 11, respectively.
For the low wind speed scenario, i.e., 7.5 m/s, WTG
with proposed VIC provides slightly less active power output
increment than the other two methods in the initial stage
of frequency regulation, see the first figure of Fig. 11. This
results in a slightly lower frequency nadir as shown in the
first figure of Fig. 9. It is for the purpose of preventing the
reference power of MPP-based tracing strategy from having
a sudden dip to 0 as the rotor speed decreases below the
minimal value. Note that the minimal value here is 0.71 pu.
While this case is encountered by the conventional VIC-based
system, a sudden reduction in WTG active power output causes
the secondary frequency dip from 31 to 34 s, see Fig. 9 and
Fig. 11. From Fig. 10, we can find that the other two methods
are still subject to the WTG low frequency drive-train torsional
oscillation while the proposed method can effectively suppress
that. For higher wind speed scenarios, i.e., 9.6 m/s and 11.5
m/s, the proposed method achieves much better performances
in terms of improving the frequency nadir and contributing to
the smooth and fast recovery of the WTG rotor speed to MPP.
Indeed, by comparing Fig. 7 with Fig. 10, it can be found that
the proposed method has more clear advantage of recovering
rotor speed to the original MPP point before the disturbance.
It is also able to suppress the WTG low frequency drive-train
torsional oscillation under different wind speed scenarios.
It is worth pointing out that the proposed VIC can auto-
matically adjust the active power output increment according
to the WTG operating point. To elaborate on that, according
to Fig. 11, the active power output increment of WTG with
the proposed VIC increases with the wind speed at the initial
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Fig. 9. Frequency responses for different wind speeds
Fig. 10. Rotor speed responses for different wind speeds
Fig. 11. Active power increment of WTG for different wind speeds
frequency regulation stage. The purpose is to prevent the
excessive power demand because of the lack of kinetic energy
stored by WTG rotor under low wind speed scenario. By
contrast, it releases a lot of kinetic energy as soon as pos-
sible to support the power grid frequency under higher wind
speed scenarios. The other two methods do not exhibit this
characteristic as they lack of the adaptiveness. This justifies
why the frequency nadir with the proposed VIC is much higher
than other two VICs under high wind speeds but it achieves
slightly lower frequency nadir under low wind speed scenario.
C. Proposed VIC with Multiple WTGs
To demonstrate the scalability of the proposed method for
multiple WTGs, three WTGs with the same parameters as
Fig. 12. Frequency responses with multiple WTGs integrated grid.
studied in Section III-A are integrated into the power grid.
The wind speeds are assumed to be 10.8 m/s, 8 m/s and 7.3
m/s, respectively. The participating factors calculated by (29)
are 0.5842, 0.2362 and 0.1796. The state feedback coefficients
for the linear quadratic optimal control are k1 = 2.2361,
k2 = 5.9389, k3 = 6.7687 and k4 = 3.8128. Note that the
wind power penetration rate is 60% at this time. Comparison
results about frequency responses, rotor speed responses and
active power output increments are shown in Figs. 12-14,
respectively.
These results lead to draw similar conclusions as for the
cases discussed in the previous sections, as follows: (i) the
proposed VIC can effectively suppress low frequency drive-
train torsional oscillation and achieve better frequency nadir
as compared to other two methods, see Fig. 12 and Fig. 13;
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Fig. 13. Rotor speed responses of WTGs.
Fig. 14. Active power increment of WTGs.
and (ii) for WTG1 with higher wind speed, the released
rotor kinetic energy with the proposed VIC is larger than
the conventional VIC and VIC-I in the initial duration of
frequency support. By contrast, less reductions in rotor speeds
of WTG2 and WTG3 with low wind speeds are observed,
which are expected, see Fig. 13. As a result, WTG1 results
in larger active power output increment while those of WTG2
and WTG3 are smaller. However, the proposed VIC can still
provide the most total power for frequency support as reported
by Fig. 14, to improve the frequency nadir. This shows how
the coordination of multiple WTGs can be effectively done by
the proposed VIC.
IV. CONCLUSIONS AND FUTURE WORK
This paper develops a OHFT-based nonlinear virtual inertia
control for WTG. It is able to provide primary frequency
support of the power grid and overcome several limitations of
existing VIC methods. In particular, (i) it suppresses the low
frequency drive-train torsional oscillation of WTG, leading to
enhancement of the service life of WTG; (ii) it can adpatively
adjust the amount of released kinetic energy of WTG rotor
according to the operating point; (iii) after frequency support,
it achieves fast and smooth recovery of rotor speed to the
original MPP point before the disturbance; and (iv) it can
effectively coordinate multiple WTGs.
Future work will focus on extending the OHFT-based con-
trol for frequency support using multiple distributed energy
resources, such as energy storage, PVs, etc.
REFERENCES
[1] Y. Zhao, W. Lin, H. Sun, Y. Tang, Y. Ju, “Data-driven correction
approach to refine power curve of wind farm under wind curtailment,”
IEEE Trans. Sustainable Energy, vol. 9, no. 1, pp. 95–105, 2019.
[2] F. Milano and F. Do¨rfler and G. Hug and D. J. Hill and G. Verbicˇ,
“Foundations and Challenges of Low-Inertia Systems (Invited Paper),”
2018 Power Systems Computation Conference (PSCC), pp. 1–25, 2018.
[3] Y. Wang, J. Meng, X. Zhang, L. Xu, “Control of PMSG-based wind
turbines for system inertial response and power oscillation damping,
IEEE Trans. Sustainable Energy, vol. 6, no. 2, pp. 565574, 2017.
[4] E. Muljadi, V. Gevorgian, M. Singh, S. Santoso, “Understanding inertial
and frequency response of wind power plants,” In Proceedings of IEEE
Power Electronics and Machines in Wind Applications, 16-18 July, 2012.
[5] K. Vidyanandan, N. Senroy, “Primary frequency regulation by deloaded
wind turbines using variable droop,” IEEE Trans. Power Systems, vol.
28, no. 2, pp. 837846, 2013.
[6] Y. Hua, P. Wei, Z. Qi, “Analytical modeling of inertial and droop
responses from a wind farm for short-term frequency regulation in power
systems,” IEEE Trans. Power Systems, vol. 31, no. 5, pp. 34143423,
2016.
[7] J. Morren, J. Pierik, S. Haan, “Inertial response of variable speed wind
turbines,” Electric Power Systems Research, vol. 76, no. 11, pp. 980987,
2006.
[8] J. Morren, S. Haan, W. Kling, J. A. Ferreira, “Wind turbines emulating
inertia and supporting primary frequency control,” IEEE Trans. Power
Systems, vol. 21, no. 1, pp. 433434, 2006.
[9] I. D. Margaris, S. A. Papathanassiou, N. D. Hatziargyriou, A. D. Hansen,
P. Sorensen, “Frequency control in autonomous power systems with high
wind power penetration, IEEE Trans. Sustainable Energy, vol. 3, no. 2,
pp. p.189199, 2012.
[10] H. Min, E. Muljadi, J. W. Park, P. Srensen, C. K. Yong, Dynamic
droopbased inertial control of a doubly-fed induction generator,” IEEE
Trans. Sustainable Energy, vol. 7, no. 3, pp. 924933, 2016.
[11] N. Ullah, T. Thiringer, D. Karlsson, “Temporary primary frequency con-
trol support by variable speed wind turbines potential and applications,
IEEE Trans. Power Systems, vol. 23, no. 2, pp.p.601612, 2008.
[12] S. Itani, U. Annakkage, G. Joos, “Short-term frequency support utilizing
inertial response of DFIG wind turbines, In Proceedings of IEEE Power
Energy Society General Meeting, pp. 1-5, 2011.
[13] M. Kayikci, J. V. Milanovic, “Dynamic contribution of DFIG -based
wind plants to system frequency disturbances,” IEEE Trans. Power
Systems, vol. 24, no. 2, pp. 859867, 2009.
[14] M. Kang, E. Muljadi, K. Hur, C. K. Yong, “Stable adaptive inertial
control of a doubly-fed induction generator,” IEEE Trans. Smart Grid,
vol. 7, no. 6, pp. 29712979, 2016.
[15] V. Vyver, J. Kooning, B. Meersman, L. Vandevelde, T. Vandoorn,
“Droop control as an alternative inertial response strategy for the
synthetic inertia on wind turbines, IEEE Trans. Power Systems, vol.
31, no. 2, pp. 11291138, 2016.
[16] M. Garmroodi, G. Verbic, D. Hill, “Frequency support from wind
turbine generators with a time variable droop characteristic, IEEE Trans.
Sustainable Energy, vol. 9, no. 2, pp. 676684, 2018.
[17] D. Yang, J. Kim, Y. Kang, E. Muljadi, N. Zhang, J. Hong, S. Song, T.
Zheng, “Temporary frequency support of a DFIG for high wind power
penetration, IEEE Trans. Power Systems, vol. 33,no. 3, pp. 34283437,
2016.
[18] L. Hui, W. Ni, W. Hua, X. Li, “Nonlinear excitation control with
objective holographic feedbacks, Advances in Mathematics, vol. 218,
no. 4, pp. 17, 2008.
[19] E. Reithmeier, Nonlinear Dynamics in Engineering Systems. Springer-
Verlag, 1990.
[20] R. Perez-Ibacache, C. Silva, A. Yazdani, “Linear state-feedback primary
control for enhanced dynamic response of AC microgrids, IEEE Trans.
Smart Grid, vol. 10, no. 3, pp. 31493161, 2019.
[21] J. Ma, “Hybrid modulated active damping control for DFIG based
wind farm participating in frequency response, IEEE Trans. Energy
Conversion, vol. 32, no. 3, pp. 12201230, 2017.
[22] C. Bhende, C. Pradhan, “Frequency sensitivity analysis of load damping
co-efficient in wind farm integrated power system, IEEE Trans. Power
Systems, vol. 32, no. 2, pp. 10161029, 2017.
[23] R. Mohsen, Improvement of energy conversion efficiency and damping
of wind turbine response in grid connected DFIG based wind turbines,
International Journal of Electrical Power & Energy Systems, vol. 95,
pp. 1125, 2018.
[24] Z. Chen, M. Yin, Y. Zou, K. Meng, Z. Dong, “Maximum wind energy
extraction for variable speed wind turbines with slow dynamic behavior,
IEEE Trans. Power Systems, vol. 32, no. 4, pp. 33213322, 2017.
[25] L. Grigsby, “Power system stability and control, third edition, CRC
Press, 2015.
[26] D. Ochoa, S. Martinez, “Fast-frequency response provided by DFIG
wind turbines and its impact on the grid, IEEE Trans. Power Systems,
vol. 32, no. 5, pp. 40024011, 2017
